This paper presents a high-speed radio-resource scheduler that accelerates the scheduling process of fifth-generation mobile communications systems (5G). A scheduler for 5G systems will have to decide the optimal combination of an antenna and user equipment for efficient communications from a huge number of possible combinations. The reported scheduler with a hardware accelerator performs several high-speed searches to find the optimal combination. Experimental results show that it executes several search methods 40 times faster than a scheduler without acceleration. It improves the system throughput and will enable a practical 5G system to be developed.
Introduction
Ultra-high-density antenna systems have been studied for the fifth generation of mobile communications systems (5G) [ Fig. 1(b) ] [1] . The aim of 5G systems is to increase the sum of data throughputs (i.e. system throughput) from all antennas to the user equipment (UE). 5G systems can use radio resources (i.e., a frequency band) for data transmissions for a certain duration. To suppress interference between antennas, the radio resources are controlled by a central unit with a scheduler.
The scheduler searches for the optimal combination of antennas and UEs that are granted the right to transmit data [2, 3] . The scheduler probes a combination and then calculates the system throughput. By iterating such probes and calculations, the scheduler can decide the optimal combination that achieves the highest system throughput. This determination must be completed within a scheduling period (1 ms) in long-term evolution (LTE) specifications [4] .
Several methods have been proposed for finding the optimal combination within the scheduling period for 5G systems in which the scheduler centrally controls many antennas [1, 5, 6] . Each method has its advantages and disadvantages because they each approximately determine the optimal combination from a huge number of possible combinations.
A scheduler for 5G systems has two requirements; it must complete the search within the scheduling period, and it must support several search methods.
One approach to implementing a search is software-based processing. This approach can support any search method, and it is able to complete the search within the scheduling period of current 4G systems. However, in 5G systems that will have a huge number of possible combinations and high computational complexity, this approach cannot complete its search within the scheduling period because the number of CPU cores is limited. Another approach is a hardware implementation. In general, though, it only works with a specific search method and has difficulty coping with modifications to search method.
To overcome these problems, we devised a high-speed radio-resource scheduler with a hardware accelerator. This scheduler accelerates several methods of finding the optimal combination. In particular, it can change the search methods flexibly, i.e., it can execute several search methods and cope with modifications to them. Second, its dedicated hardware calculates the throughput of each combination in a way that is independent of the search method. In this paper, we describe the new scheduler and experiments showing that it can complete the search within the scheduling period.
New scheduler
To be able to execute the several search methods and at the same time complete the search within the scheduling period, we devised two schemes: an acceleration scheme and a flexible processing scheme. The acceleration scheme speeds up the calculation of the system throughput. The processing scheme provides flexibility as to the search order of the combinations.
The acceleration scheme uses dedicated hardware. The system throughputs for a huge number of possible antenna and UE combinations have to be calculated in the search. On the basis of our investigation, this calculation accounts for more than 90% of the processing time of the search [5] . As shown in Fig. 2(a) , search finds the combinations of antennas and UEs. The system throughput is calculated by summing the data throughputs of all of the UEs in each combination. After that, the optimal combination is determined by comparing the system throughputs of every combination. These three steps are iterated until the scheduling period expires.
The flexible processing scheme divides the scheduling into two processes: a process depending on the search method and a process independent of the search method. As shown in Fig. 2(b) , the hardware accelerator has two parts: a flexible processing part and an acceleration part. The software in the flexible processing part determines the settings depending on the search method and on the possible UEs for each antenna. Then, the acceleration part executes the search based on these parameters and outputs the optimal combination to the software. The details are described in the next sections.
Acceleration scheme
The acceleration scheme consists of two kinds of processing: parallel processing for simultaneously calculating the data throughput for all of the UEs in the combination and pipeline processing for obtaining the system throughput for the generated combinations at every clock cycle.
The parallel processing executes the calculation of the data throughputs for the UEs simultaneously. This enables the scheduler to calculate the system throughput quickly. The acceleration part comprises four different kinds of block: a combination-generation block that outputs the combination of antennas and UEs, multiple throughput-calculation blocks that calculate the data throughput for all of the UEs in combination in parallel, a throughput-summation block that sums the data throughputs, and a combination-decision block that decides the combination by comparing the system throughputs of the combinations.
The pipeline processing enables the acceleration part to obtain the system throughput for all the generated combinations at every clock cycle. The throughputcalculation block calculates the received signal power to interference power and noise ratio (SINR). The calculated SINR is converted into the data throughput. After that, the data throughputs for the UEs are summed. These steps are connected in series, where the output of one step is the input of the next step.
Flexible processing scheme
First, we describe the parameters of the scheme to change. Then, we show how to change the parameters during the search.
We determined the parameters for changing the search order of the combinations flexibly. The parameters depend on the search method. Concretely, the parameters are the range of the search, the feedback timing of the calculated combinations, and the feedback granularity of the calculated combinations. The range of the search can focus on certain possible combinations. These parameters are set by determining the values that conform to each of the search methods.
The scheduler can change these parameters during the search because the parameters are stored as a series of lists in the flexible processing part of the hardware accelerator. The lists are set at the beginning of the scheduling period. During the search, the parameters can be changed by switching the lists. This enables the scheduler to change the parameters without intervening between the software and the hardware accelerator during the search.
Performance evaluation
To see how fast the new scheduler executes the search, we carried out experiments. We measured the processing time spent on executing different four search methods [1, 5, 6] . The new scheduler was implemented on a field-programmable gate array (FPGA) (Xilinx Zynq-7045) that operates at a clock frequency of 100 MHz. The scheduler supports 32 antennas and 256 UEs. The processing time was measured with the FPGA. The processing time without acceleration was measured with a general purpose processor (Intel Core i5) that operates at a clock frequency of 2.67 GHz. Fig. 3(a) shows the dependence of the processing time on the number of calculated combinations for the search methods. The processing time per combination in the case of hardware acceleration ranged from 10 to 14.9 ns, while without acceleration was 596 ns. The new scheduler executed the search methods 40 times faster than without acceleration. The number of searched combinations within a scheduling period of 1 ms was more than 67000 in the case of hardware acceleration, while that without acceleration was only 1679. These results show that the number of combinations calculated by the new scheduler is 40 times more than without acceleration, and that the search can be completed within the scheduling period.
Higher system throughput can be obtained by increasing the number of calculated combinations. To see how the system throughput increases within the scheduling period, we carried out system-level simulations. Fig. 3(b) shows the dependence of the system throughput on the number of UEs. It shows acceleration improves system throughput regardless of the number of UEs. When the number of UEs is small, high system throughput is also obtained without acceleration because the number of possible combinations is small. In contrast, when the number of UEs is large, high system throughput is only obtained by the scheduler with acceleration. This is because it can search more combinations. Furthermore, the most suitable search method depends on the number of UEs. The new scheduler can select the search method by changing the parameters. This enables it to obtain the optimal combination for any number of UEs. These results show that the new scheduler obtains the optimal combination within the scheduling period in ultrahigh-density distributed antenna systems. 
Summary
We devised a high-speed radio-resource scheduler with a hardware accelerator that speeds up the search for the optimal combination in ultra-high-density distributed antenna systems. Our scheduler consists of a flexible processing scheme for supporting several search methods and an acceleration scheme for completing the search within the scheduling period. Experimental results show that it performs the several search methods and executes its searches 40 times faster than a scheduler without acceleration. This ability will increase the number of calculated combinations and improve the system throughput. The new scheduler thus will enable a practical 5G system to be developed.
